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ABSTRACT 
Klaij, M.C. and Vachaud G., 1992. Seasonal water balance of a sandy soil in Niger cropped with pearl 
millet, based on profile moisture measurements. Agric. Water Manage., 21:313-330. 
In the Sahel, calculation of the field water balance from neutron-probe measurements is often dif- 
ficult for pearl millet (Pennisetum glaucum (L.) R. Br. ), which is due to the rapid drainage (D) of 
the sandy soils, on which it is typically grown. 
We present a simple method of calculating D in these soils from weekly neutron-probe data, The 
method divides the water balance into two phases. In the first, applicable arly in the season, water 
flux across the maximum depth of probe measurement (Zm) is assumed negligible, and evapotran- 
spiration (E) and D are calculated from the change in soil water content (0) between the bottom of 
the rootzone (Zr) and Zm, thus allowing calculation of unsaturated hydraulic onductivity, K(O), 
from the flux across Zr. In the second phase, when soil water starts to percolate across Zm, D is calcu- 
lated from K(O), assuming a hydraulic head gradient of - 1. The method is used to calculate a one- 
dimensional water balance of a pearl-millet crop grown in a deep sandy soil at two fertility levels 
during a season of normal rainfall. 
Results show that the calculated K(0) functions compare well with those based on laboratory mea- 
surements. An acceptable estimate of drainage, and therefore E could be made. Mean cumulative E 
and D were, respectively, 211 and 207 mm for the unfertilized crop, and 268 and 148 mm for the 
fertilized crop with 440 mm of rainfall received uring the crop cycle. The fertilized millet crop water 
balance was simulated, which compared to the calculation method resulted in an about 10% higher 
seasonal E and a 10% lower seasonal D. 
Our study shows that E can be corrected for D using a simple but accurate method, and consistent 
with other studies in the region indicates that rainfall is usually not the primary, limiting factor to 
pearl-millet production. 
INTRODUCTION 
The rainfed agricultural systems in the Sub-Saharan Zone are subject o a 
seasonal, variable and erratic rain. Rain tends to fall with high intensities on 
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initially bare, both chemically and physically poor, soils, which may result in 
wasteful runoff. Once the profile has been replenished, soil water and valua- 
ble nutrients may percolate beyond the crop root zone and be lost to the crop. 
To increase and stabilize crop production efficient use of rainfall and nu- 
trients is of crucial importance. Evaluation of the various water balance com- 
ponents during the crop cycle can answer questions uch as: How well is the 
growth cycle of a crop adapted to availability of water? In this respect pi- 
oneering work in the region was done by Cochbme and Franquin ( 1967 ). 
Crop water requirements of major cash and staple crops have been exten- 
sively studied by the Institut de Recherche Agronomique Tropicale (IRAT) 
at the Centre National de Recherche Agronomique (CNRA) in Bambey, Sen- 
egal (Dancette, 1974). Other questions are how would soil and crop manage- 
ment influence the components of the water balance. 
Some field studies in the region report water use of pearl millet, but they 
generally lack accuracy because the drainage component was either ignored 
or estimated by using only rough approximations. For example, Agnew ( 1982 )
assumed a seasonal drainage of 10% of rainfall, and Nouri and Reddy ( 1991 ) 
assumed a negligible drainage at 3 m, the maximum depth of soil water mea- 
surement. Payne et al. (1990) recognized the importance of the drainage 
component, but the authors did not attempt to separate drainage from evap- 
oration. Ciss6 and Vachaud ( 1988 ), by contrast, reported a comprehensive 
water balance study, based on soil hydraulic onductivity obtained with the 
instantaneous profile method, and periodic (7-10 days) simultaneous soil 
water profile and tensiometer measurements. Similarly, elsewhere, with Ber- 
muda grass, Rice ( 1975 ) was able to measure vaporation and soil water fluxes 
bihourly, using fast-response tensiometers. But the instantaneous profile 
method is expensive and time consuming, and high within-field spatial vari- 
ability of conductivities has been reported (Vauclin et al., 1983a). 
The objective of this paper is to present a basic soil water balance calcula- 
tion scheme, based exclusively on weekly soil water content measurements. 
The scheme includes an estimation of the unsaturated hydraulic onductivity 
function, and the terms drainage and evaporation. We then apply the scheme 
to soil moisture and crop data from a long term replicated full factorial soil 
and crop management field experiment. We selected two contrasting manage- 
ment treatments enabling both an estimation of water balance terms during 
the season, and their analysis of variance. Results of the water balance will be 
compared with those obtained with a sophisticated simulation program of 
water use and crop growth. 
THEORY 
The water balance quation of a given soil profile specifies that, over a time 
interval, changes in the amount of water stored in the profile (AS) are equal 
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to the difference between the amount of water added (input) and the amount 
of water removed (output): 
Input of water - Output of water=AS ( 1 ) 
In dryland agriculture, input terms include rainfall (R), overland flow, and 
capillary upward flow. Output terms are runoff, drainage, and soil- and crop 
evaporation. Usually, in a simple seasonal soil water balance, no attempt is 
made to separate the evaporation from the soil and from the crop. Both pro- 
cesses being driven by atmospheric demand, the two terms are summed and 
termed evapotranspiration (E). 
Due to high infiltration rates, runoff may generally be ignored. Further- 
more, sustained capillary upward flow is negligible due to deep groundwater 
levels. Therefore the water balance (Eqn. 1 ) simplifies to: 
R-  (E+D)=AS (2) 
The terms of Eqn. 2 are summed over a typical time period of 1 week to 10 
days. 
To solve Eqn. 2, R is measured with a raingauge and zlS is established using 
a neutron probe. With the terms (E + D) remaining, an estimation of D is 
required to yield E as the remainder of Eqn. 2. 
Depending on the soil water conditions described hereafter, either of two 
schemes can be considered to calculate drainage for water balance calcula- 
tions (Vachaud et al., 1991 ). We will present these schemes in detail. 
Estimation of water balance components 
Let Z,1 be the maximum depth of soil moisture measurement, and Z, be the 
maximum rooting depth. Ideally Zm exceeds Zr by a large margin. The amount 
of water stored in the profile from the surface Zo down to the depth Zm is 
denoted Sore. Similarly, the amount of water held in the root zone, that is 
between the soil surface and maximum rooting depth is denoted So,-, and S ..... 
is the water stored in the layer from the maximum rooting depth to the max- 
imum depth of soil moisture measurements. 
The first scheme is applicable after the prolonged ry season, during which 
drainage and evapotranspiration have exhausted the profile to a considerable 
depth, The profile moisture distribution of 7 May 1986 is typical of this situ- 
ation (Fig. 1 ). With the onset of the rains, the crop is sown and the profile, 
being gradually recharged, provides water for crop growth, Normally there 
exists a period during which soil moisture at Zm remains ufficiently low, so 
that the hydraulic onductivity can be considered to be negligible, and there- 
fore the water flux at Z=Zm, given Darcy's equation, is negligible. Conse- 
quently, both the cumulative E and D,. can be calculated on the basis of the 
change in total water stored in the profile to the depth Z= Zm. Between soil 
water content measurements at time t and time t+dt, E can be estimated by: 
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E=R q- &m (1) -- &m(t+3/) ( 3 ) 
and the drainage through the Z, plane is calculated from the change in mois- 
ture stored in the profile between depth Z; and Zm: 
Dr =Srm{t} -Srm(t+ Jr) (4)  
or, in terms of water flux density: 
q~ = D JAr  ( 5 ) 
Conditions applicable to scheme 1 prevail onger with low rainfall and high 
evapotranspiration demands, and with a greater Zm. 
The second scheme comes into effect when the new rains have recharged 
the profile to the extent hat the soil water content at Zm begins to increase 
(corresponding to 1 2 July in Fig. 1 ). Percolation of water through the Zm plane 
ceases to be negligible. The calculation of E between times t and t + At re- 
quires the estimation of the amount of water draining below the root zone. 
This can be done applying Darcy's equation at depth Z= 27,.: 
D~=q~At= -K(  O) grad HAt  (6) 
where q~ is the water flux density, and K(O) the unsaturated hydraulic on- 
ductivity at the maximum rooting depth Z= Zr. K is a function of the volu- 
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Fig. 1. Typical seasonal plot profi le water distr ibut ion for an unferti l ized pearl mil let cropped 
deep sandy soil, ISC, Niger, 1986 rainy season. 
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metric water content of the soil 0 (cm 3 cm -3 ), and grad H (m m -~ ) is the 
hydraulic head gradient at depth Z=Zr  with H= h-z  (m),  the sum of pres- 
sure and gravitational potential, with Z expressed as depth measured positive 
downwards. The water balance quation in scheme 2 is: 
E = R + Sor~1) _So~ t+.~j, ) - qrAt (7) 
with So,it) - Sor(t+At) equal to the change in soil water amount held in the 
profile from the surface to the maximum rooting depth Zr between times t 
and t + At. 
Clearly the soil water balance in scheme 2 is more complicated to deter- 
mine, as it requires the a priori knowledge of the K(O) relationship and the 
simultaneous measurement of grad H with tensiometers. In this paper we sur- 
mount this problem by making an initial simplification, namely the assump- 
tion of gravitational f ow, or grad H = - 1, which would be correct if. in a 
flow situation, 0 remained constant with depth (dO/dZ=O) in the neigh- 
bourhood of the depth considered. This assumption also permits an estima- 
tion of the K(O) function at Z=Zr  during the period of crop establishment 
making use of scheme 1, as we will see shortly. 
Direct estimation of  K(O) 
If, during a time interval for conditions of scheme 1, the amount of water 
stored between the plane Zr and the maximum depth of measurement in- 
creased by AS, the same amount of water must have drained through that 
plane (Eqn. 4). A single K-O value of the soil hydraulic onductivity func- 
tion can thus be estimated using Eqn. 6: 
K(Oa) = -D J  (grad HAt)  (8) 
where 0a is the arithmetic mean of the soil water content at the beginning 
( t = t) and end of the time interval (t = t + dr) measured at Z = Zr. D,- is equal 
to the increase of water AS below Z= Zr, and grad H is taken as - I. Two 
important restrictions must be kept in mind: 
(i) Given the highly non-linear change of K with 0, calculations should be 
limited to those periods during which the changes in water content at Z= Z,. 
are small. 
(ii) The assumption of grad H= - 1 holds when the curvature of the water 
content profile at Z= Zr is small, so that the case of a passing wetting front is 
inapplicable. 
Repeating this calculation for different periods will yield per plot a K(O) 
function over a range of 0a values. The established K(O) function will thus 
permit the calculation of drainage beyond the root zone as soon as the soil 
water content at the maximum depth of measurement begins to increase. The 
water balance, Eqn. 7, of scheme 2 is therefore rewritten as: 
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E=R + So, I,)-So~(,+ f,~_K( Oa)At (9) 
MATERIALS  AND METHODS 
We used soil moisture data from an experiment conducted at the ICRISAT 
Sahelian Center, 40 km southeast of Niamey, Niger. The soil is classified as 
Psammentic Paleustalf (West et al., 1984), with a sandy yellowish red surface 
horizon to a depth of 0.3 m (total sand about 91%), and a red sand Bt horizon 
to more than 2 m (total sand about 88%). Cation-exchange capacity is about 
10 mmol kg ~, the surface pH (KCI) is between 4.5-5.5, and organic matter 
levels are of the order of 0.3%. The highest soil bulk densities, 1.58 Mg m -3, 
are found in the surface horizon (0.05-0.10 m depth). The bulk densities 
decrease reaching a minimum of 1.46 Mg m- 3 at a depth of 0.3 m, and then 
gradually increase to 1.55 Mg m -3 at a depth of 2.6 m. Soil water content at 
field capacity is 0.09 to 0.10 cm 3 cm 3, while residual soil water content is 
about 0.015 cm 3 cm 3. The saturated hydraulic onductivity is high, decreas- 
ing from 5500 mm day-~ to 3000 mm day-~ as soil bulk density increases 
from 1.45 to 1.60 Mg m 3. Further soil physical properties of this soil are 
given by Hoogmoed and Klaij (1990). Rainfall simulations on 1.5× 1.5 m 
plots on a similar profile (3-4% slope) demonstrated a sustained infiltration 
capacity of 100 mm h-  1 (the maximum rain simulator intensity ) for over 2 
hours (ICRISAT, 1985). Actual run-off rom an untilled millet cropped plot 
of the experiment, resulting from individual storms, was 1.5% at most from 
1984 to 1987. 
Rainfall 
In Niger, rainfall distribution is monomodal. At Niamey annual rainfall 
( 1907-1988 ) is 560 mm with a standard eviation of 136 mm (Sivakumar, 
1989 ). Normally rains begin early June and last until early September. Daily 
totals of rainfall were taken from an 8-inch diameter (20.3 cm) rain gauge at 
a height of 0.3 m between two replications adjacent to the experimental field. 
Soil moisture measurements 
We measured soil water content in the top 0.3 m by gravimetric sampling. 
To convert gravimetric moisture data to volumetric moisture content, we as- 
sumed an average soil bulk density of 1.5 Mg m -3. A Troxler model 3322 
neutron probe (Troxler Electronic Laboratories, Inc. Research Triangle Park, 
NC, 27709 U.S.A. )*was field calibrated, using four minute counts from soil 
depths of 0.3 m, and from 0.4 m to a depth of 2.6 m at 0.2 m intervals. All 
depths were combined to obtain a single linear regression equation relating 0 
to count ratio. For a total of 34 points we obtained a correlation coefficient 
of 0.975. Standard errors of measured water contents are typically 0.02 cm 3 
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cm - 3 for gravimetric sampling, and 0.015 cm 3 cm - 3 (Vauclin et al., 1983b )
for neutron-probe measurements. The amount of water stored in the profile 
was calculated by trapezoidal integration of the soil moisture content values 
over the depth of the profile. Accuracy of this estimate almost entirely de- 
pends on uncertainties a sociated with calibration (Vauclin et al., 1983b) and 
is typically _+4 mm for a storage of 260 mm (profile at field capacity). 
Soil moisture measurements started on the day of sowing and were contin- 
ued on a weekly basis until harvest. The obtained soil moisture content-soil 
depth profiles were plotted to establish the date of incipient drainage beyond 
the 2.6 m plane. 
Experiment 
Two contrasting management treatment combinations were selected from 
a long-term full-factorial soil management experiment conducted on a sloping 
(3-4%) deep sandy soil since 1984. The experiment is laid out in three rep- 
lications along the slope. The low-fertility ireatment represented the local 
practice, that is direct sowing without other inputs. The high-fertility treat- 
ment included the annual application of P (30 kg ha ~ of P2Os), before sow- 
ing, and a split application of N (40 kg ha-  ~ ), and leaving the crop residue 
alter harvest. The fertility treatment plots were 6 × 20 or 6 × 24 m (depending 
on the replication block). These plots were split into subplots (plot size 3 × 20 
m, or 3×24 m) to compare the local millet (cv Sador6 local) with an im- 
proved variety (cv CIVT). Neutron-probe access tubes were installed in all 
subplots toadepth  of 2.6 m. A 0.75× 1 m planting pattern (13300 hills ha ' 
three plants per hill) was used. The crop was hand weeded regularly. Above 
ground dry matter yield was determined at harvest. We used the data of the 
1986 rainy season, in which millet was sown on 29 May (day 0), following a 
storm of 40.7 mm. 
Root profile measurements made during the same season in a parallel ex- 
periment showed that, 68 days after planting, roots sampled in the 0.9 to 1.05 
m soil layer represented no more than 1.2% of the total root mass. Therefore 
we took Z ,= 1.4 m as maximum effective rooting depth and reference plane 
of drainage. Payne et al. (1990) reported a maximum rooting depth of 1.4 m 
on a similar soil. 
Soil water balance calculation 
Initially, D beyond the maximum rooting depth Z,., was calculated from 
changes in Sore as in Eqns. 3 and 4, and used to determine K(O) as described 
in scheme 1. Bearing in mind the inherent errors in the estimation of water 
stored, we estimated K(O) exclusively for time intervals (of 7 days) during 
*Trade names do not constitute ndorsement of or discrimination against any product by the 
Inslilule. 
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which the increase of water stored in the profile exceeded 3 mm. Thus the 
minimum K value that could be estimated was 3/7 = 0.43 mm day -1. 
After the water flux across the maximum measuring depth of soil water, 
Zm, became significant, E and D were calculated using Eqn. 9 of scheme 2. 
Each period yielded one value of E and D per subplot, and the analyses of 
variance were computed. 
Simulation of field water balance 
We used the simulation program DUET (Huygen, 1988) as a reference for 
comparing the evolution of the various balance terms resulting from the sim- 
ple method. DUET combines two simulation programs: WOFOST, a dy- 
namic crop growth model, and SWATRE which solves the one-dimensional 
water flow in the unsaturated zone. Principles underlying the crop growth 
program are described by van Keulen and Wolf (1986); details of the pro- 
gram are documented by van Diepen et al. (1988). SWATRE is a revised 
(Extended) version of SWATR (Belmans et al., 1983 ), based on the work of 
Feddes et al. ( 1978 ). 
The soil hydraulic conductivity was determined according the 'hot-air 
method' (HAM) (Arya et al., 1975) for a soil water content up to 0.15 cm 3 
cm -3. The wet range K(O) function was obtained by fitting the measured 
saturated conductivity and textural properties using a regression equation of 
Vauclin et al. (1983a). Tensiometer data were fitted to obtain the soil water 
content pressure head curve h(O), using the model of van Genuchten (van 
Genuchten, 1980). 
DUET was calibrated using field crop observations of the LAI develop- 
ment of a millet crop grown under similar (date of sowing, soil water condi- 
tions, fertilizer application) conditions. The LAI is the basis for calculations 
of the daily soil evaporation, and crop transpiration. No low-fertility LAI data 
were available, hence only the high-fertility millet was simulated. 
RESULTS AND DISCUSSION 
Seasonal rainfall 
Periodic rainfall during the experiment is given in Table 1. The monthly 
rainfall received was in close agreement with the long-term monthly rainfall. 
A total of 61.4 mm was received in the month of June (mean= 67 mm),  138 
mm in July (mean= 143 mm),and 194 mm in August (mean= 193 ram). 
The monthly distribution of rainfall in terms of rainy days per month was 
also close to the average. 
The soil hydraulic onductivity 
The wetting front, resulting from the cumulative rain, did not advance be- 
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TABLE 1 
Crop fertility management effect on periodic average (mm day -~ ) evapotranspiration (E),  and drainage ~ 
(D) rates of a pearl millet crop. ISC, 1986 rainy season 
Period Number Number Rainfall Av. daily E D 
of days of in period open 
storms (mm) pan low- high- SE+ 2 low- high- SE+ 
(rum) fen. fen. fen. fen. 
29 May-6 June 7 l 0.7 10.7 1.61 2.54 0.207 0.12 0.03 0.091 
6June-13June 7 2 3.0 9.6 1.07 0.87 0.182 0.21 0.12 0.080 
13 Jubne-20 June 7 2 45.5 10.9 1.87 2.76 0.980 0.19 0.40 0.133 
20 June-27 June 7 1 12.2 10.2 2.38 2.55 0.103 -0.15 -0.26 0.137 
27 June-4 July 7 1 38.5 9.6 0.88 1.60 0.781 0.58 0.12 0.189 
4July-12July 8 2 61.0 7.2 3.12 4.52 0.354 2.89 1.22 0.598 
12 July-18 July 6 2 39. l 7.3 4.37 4.00 0.094 3.84 2.98 0.915 
18 July-25 July 7 4 32.1 8.3 1.74 3.38 0.882 3.82 3.18 0.487 
25July-I August 7 2 5.8 7.0 1.84 3.16 0.225 2.84 2.50 0.487 
1 Aug.-8 August 7 2 78.1 5.5 1.56 3.90 0.468 2.90 1.86 0.509 
8Aug.-15August 7 1 28.3 6.6 5.72 4.63 0.859 3.27 1.79 0.429 
22 Aug-29 August 7 2 19.6 6.6 1.09 0.62 0.379 3.17 2.44 0.307 
29 Aug.-5 Sept. 7 2 14.8 8.6 2.64 1.87 0.331 3.01 3.16 0.361 
'Drainage at a soil depth of 1.4 m. 
2Standard error of the fertility means in the two preceding columns. 
yond the maximum depth of soil water content measurement until 12 July on 
the low-fertility plots (Fig. 1 ), and 18 July on the high-fertility plots. 
Hence, 6-7 consecutive time intervals were available for water balance cal- 
culations based on scheme 1. Each time interval yielded per plot a value for 
the drainage D, from which in principle a single K value could be estimated. 
Analyses of variance of D for the time intervals in scheme 1 showed coeffi- 
cients of variation decreasing from 184% for an average calculated drainage 
rate of 0.06 mm day- ~ to 41% for an average drainage rate of 3.85 mm day- l .  
There were no cultivar-, nor cultivar X fertility interaction effects. A weak fer- 
tility effect (P=0.136,  and P--0.109) at the later dates possibly reflected a 
higher transpiration rate from a more rapidly growing high-fertility millet. 
However, replication was the single most important effect, with D signifi- 
cantly different among replications for two time intervals (P=0.019,  and 
P=0.015 ) and at one time interval less significant (P= 0.096). In view of the 
replication effect we pooled all the obtained KX -0a plot values per replica- 
tion. The 0a values were regressed against the K values using the equation: 
K = aO B (10) 
Regression analysis showed that regressions were significantly different be- 
tween the 3 replications in level only (P=0.021) .  Within the field capacity 
soil water content range of 0.09-0.10 cm 3cm-3 K-0a values for individual 
plots all lie within a relatively narrow range (Fig. 2). Nevertheless, from Fig. 
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Fig. 2. Calculated K (0~,) values and their rcgrcssion comparcd to the HAM K(0) function. 
2 it can be seen that at an average water content of 0.10 cmScm -3, regressed 
drainage rates are 3.5 mm day-1 in replication 1,2.8 mm day-  1 in replication 
2, and 4.6 mm day-~ in replication 3. The use of one single K(O) function in 
the calculation of drainage using scheme 2 resulted in a wider range of calcu- 
lated cumulative E (data not shown). 
The observed ifferences among the three replications of the K(0) function 
are possibly caused by soil textural difference associated with the position of 
the plots along the slope. From the work of Vauclin et al. (1983a) it appears 
that K is highly sensitive to small textural differences. From ten sites in the 
Northern and central parts of Senegal, Vauclin et al. (1983a) used observed 
K,(O~) values obtained by the instantaneous profile method to model K 
according: 
g = Ko(0/0oV (l l) 
where 0o is the apparent saturated soil moisture content at the final infiltra- 
tion rate Ko, and/7 a shape parameter. The sites have a measured percentage 
of c lay+fine silt (particle size < 20/~) of 3.5-13%, enabling the establish- 
ment of a correlation between this percentage with Ko, and the shape factor/7. 
We determined the average profile percentage of particles < 20/~, for all 
subplots. The obtained values were within a narrow range (8.4 _+ 0.39). 
However, analysis of variance showed no significant differences among rep- 
lications. Applying the model of Vauclin et al. (1983a) to our data resulted 
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in a hydraulic conductivity range at 0 = 0.10 cm3cm -3 of 3.6 to 5.3 mm 
day - ~, agreeing well within the observed range in our experiment. 
Recognizing the limitations of the HAM (Dirksen, 1991 ) we compared the 
K(0) function with the calculated K( 0a ) values. The latter values show a higher 
hydraulic conductivities at the lower soil water content range. This was pos- 
sibly caused by insufficient compliance to the two earlier assumptions of our 
method. The assumption of a hydraulic gradient of - 1 may not have been 
valid during downward water movement in an initially dry profile. In this 
case, the gradient would be steeper (more negative ), implying a lower K. The 
other assumption of a mean soil water content 0a between two measurements, 
implies that K(O) is linear over the particular soil moisture content interval, 
which is obviously not the case. During scheme 1, 0 at the depth of drainage 
increased by and large steadily, and with it, progressively the actual momen- 
tary hydraulic conductivity. Therefore, most of the measured drainage oc- 
curred during the last part of the period, underestimating ()a • 
Soil water balance 
A total of 440 mm of rain was captured between the date of sowing and 
harvest, 3% more than the average in that period, indicating that the season 
was close to a perfect long-term average. Values of D and E could be calcu- 
TABLE 2 
Crop fertility management effect on cumulative evapo-transpiration (E) and drainage ~ (D) (mm) 
of a pearl millet crop, compared to a simulated E and Dofa  high-fertility millet crop, ISC, 1986 rain~ 
season 
Date Number Cumulative E D Simulation 
of days rainfall 
since (mm) low- high SE+~" low- high- SE_+ E D 
sowing fert. fert left. fert. 
29 May 0 
6 June 7 0.7 11.3 16.8 1.43 0.9 0.2 0.94 I 1.0 0.1 
13 June 14 3.7 18.6 "~'~ 2.3 0.2 .:..9 2.36 1.1 1.05 18.6 
20 June 2I 49.2 31.8 42.2 7.19 3.6 3.9 0.63 34.7 3.3 
27 June 28 61.4 48.5 60.0 7.34 2.6 2.1 0.35 54.8 6.2 
4 July 35 99.9 54.6 71.2 8.90 6.7 2.9 1.60 78.6 8.8 
12July 43 160.9 79.5 107.1 11.14 29.7 12.7 6.35 106.3 13.7 
18July 49 200.0 105.5 131.0 12.20 52.8 30.6 11.59 125.2 48.9 
25.July 56 232.1 117.3 154.7 15.56 79.4 52.8 12.92 153.4 60.6 
lAugust 63 237.9 130.5 176.8 14.71 99.2 70.2 13.96 175.6 65.0 
8August 70 316.0 141.3 203.8 17.72 119.2 83.3 13.96 201.8 71.8 
15August 77 344.3 183.3 236.3 14.17 142.2 95.7 13.38 224.2 93.5 
22~Xugust 84 405.8 185.0 250.2 17.72 163.0 108.5 14.29 253.4 97.0 
29August 91 425.4 192.8 254.5 20.33 185.3 125.3 15.98 281.1 124.7 
5September 98 440.2 211.2 267.8 22.43 207.2 147.5 18.34 295.2 131.7 
Drainage at a soil depth of 1.4 m. 
-'Standard error of the fertiliLv means in the two preceding columns. 
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Cumulative D low-fertility plots 
300- 
250- 
° iiiill i"~ 150. loo. 50 
150 160 170 180 190 200 210 220 230 240 250 
-time (Julian day) 
rep 1, ClVT + rep 1, Sad.loc. + rep 2, ClVT 
o rep 2, Sad.loc. ~ rep 3, Sad.loc. ~ rep 3, CIV-r 
Cumulative D high-fertility plots 
300. 
250. 
"~" 200' 
~ 1,50 
t.- 
c3 loo- 
50- 
! 
!iiiiiiiiii ii  
;0 160"  170 180 190 2~0 210 220 230 240 250 
time (Julian day) 
rep 1, CIVT + rep 1, Sad.loc. ~ rep 2, CIVT 
n rep 2, Sad.loc. - IN- rep 3, CIVT ~ rep 3, Sad.loc. 
Fig. 3. Cumulative drainage of low-fertility and high-fertility millet plots, ISC, Niger, 1986 rainy 
season. 
lated according scheme 1 for the first 6 time intervals in low-fertility plots, 
and the first 7 time intervals for the high-fertility plots. For the remaining 
time intervals the water balance was based the water balance calculating D
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350- 
Cumulative E, low-fertility plots 
300 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2+ iii I ~ 200- 
m" 150- 
100- 
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0 
150 160 170 l&::) 1{)0 2()0 2:10 2~20 2;30 2~10 250 
Time (Julian day) 
I -~-  rep 1, CIVT ---4,- rep 1, Sad.loc. ~ rep 2, CIV-I- rep 2, Sad.loc. - IN- rep 3, Sad.loc. ~ rep 3, CIVT 
Cumulative E, high-fertility plots 
350 
300 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
200 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
LU 150 . . . . . . . . . . . . . . . . . . . . . . . . . . .  
100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i 
°~0 1~0 170 180 lbo 200 2:10 220 2~0 2~0 2so 
.time (Julian day) 
I -~--  rep 1, CIVT ~ rep 1, Sad.loc. ~ rep 2, CIVT rep 2, Sad.loc -IN- rep 3, CIVT ~ rep 3, Sad.loc. 
Fig. 4. Cumulative vapotranspiration f low-fertility, and high-fertility pearl-millet plots, Ni- 
ger, 1986, rainy season. 
with the help of the earlier established K(0) functions, using for each repli- 
cation the appropriate equation. 
Analyses of variance of weekly, and cumulative E and D values were cal- 
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Fig. 5. Relationship between above ground total crop dry matter yield and cumulative cvapo- 
transpiration for low-fertility, and high-fertility pearl-millet plots, ISC. Niger, 1986. rainy season. 
culated for all periods. Fertility became gradually more significant as the high- 
fertility treatment millet developed an increasingly higher EAI. Cultivar dif- 
ferences were not significant at any period. Average rates of low- and high- 
fertility plots along with weather data are presented in Table 1, and cumula- 
tive D and E are given in Table 2. 
Under both fertility levels, drainage commenced about the same time at 
about 40 days after sowing. This was to be expected as during the early stages, 
with yet little difference in crop canopy development and much of the soil 
surface bare, soil evaporation is the main contributor to E. Once the root 
profile is at field capacity, and the crop growth differences due to fertility 
become more pronounced, much higher drainage rates are calculated in the 
low-fertility plots. 
To appreciate the variability of the data, we plotted cumulative E and D for 
all plots. (Figs. 3 and 4). We would expect a positive relationship between E
and crop dry matter and this is plotted in Fig. 5. Clearly, fertility greatly af- 
fected crop yield, with on average low-fertility millet yielding 1.14 t ha ' and 
high-fertility millet yielding 3.85 t ha -  1 of crop dry matter (SE = _+ 0.410). 
Though the data pairs are scattered, there seems to be a weak positive rela- 
tionship between E and yield. Part of the scatter may be due to relating plot 
yield data which were obtained from the two center plant rows ( 1.5 × 20 or 
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24 m), with a plot water balance based on one neutron-gauge measurement 
which is a point measurement. Secondly, in general weed regrowth is more 
abundant in plots having lower LAIs thus generally the unfertilized plots, 
which would overestimate he crop E in those plots. 
Simulation 
Estimated cumulative E values of the high-fertility plots agree very well 
with those of the simulation until 8 August (Table 2 ). In the following period, 
8-15 August, the average soil water content is 0.08 cm3cm -3 giving an aver- 
age drainage of 1.8 mm day-1 for high-fertility plots, equal to 12.6 mm for 
the period. The simulation model shows a sudden increase in soil water con- 
tent following abundant rainfall, declining at a falling rate hereafter (Fig. 6 ). 
Consecutive simulated aily fluxes in the period were 8.5, 5.6, 3.6, 2.8, 2, 1.6 
and 1.3 ram, totaling 25.4 mm. In this case, the underestimated 0 resulted in 
an under-estimation f 12.8 mm and consequently an overestimate ofE. 
Visible crop drought stress did not occur and the resulting E should be very 
close to the potential E. Indeed, the simulation model calculated equal cu- 
mulative potential and actual transpiration of 193 mm, and a cumulative soil 
evaporation of 102 mm, bringing the seasonal E to 295 mm. For a similar 
pearl millet and soil profile close to the ISC, Payne et al. (1990) report a 
seasonal E of 272 ram, very close to our result, with 312 mm rainfall received 
for the duration of the crop cycle. Nouri and Reddy ( 1991 ) report 328-331 
Measured and modeled water content at 
depth of 1.4m 
0.12 
A 
i o.oz- : ! 
_ _ 
Co. : ! i i ! i 
Julian day 
I m Measured - -  Simulated I 
Fig. 6. Average measured and simulated soil water content at 1.4 m depth of a sandy profile 
cropped to high-fert i l i ty pearl mil let, ISC, Niger, 1989 rainy season.  
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mm with 392 mm rainfall received. The latter assumed a zero drainage at the 
maximum dept measured, which could have overestimated E. Ciss6 and Va- 
chaud ( 1988 ) report for millet under improved fertility management in Thil- 
makha (the center of Senegal) an E of 230 mm with a rainfall of 229 mm, 
and 260 mm with a rainfall of 301 mm. They measured a seasonal drainage 
of 42 mm at a soil depth of 1.8 m in the latter case. 
Under average circumstances the amount of water stored in the profile at 
harvest is of no use to the next year's crop as the combined processes of soil 
evaporation and drainage during the long dry season result in an almost com- 
plete loss of the remaining soil water stored at the time of harvest. However, 
if an exceptionally dry year follows, an extra 10-20 mm stored in the profile 
might mean the difference between some yield and complete failure. 
Though there seems to be a weak positive relationship between E and crop 
dry matter yield, the scatter of our field crop data from one season, and those 
of Ciss6 and Vachaud ( 1988 ), do at this stage not allow a general relationship 
between E and crop yield to be made. However, in an average year substantial 
amounts of water are not used in producing crop dry matter when millet is 
grown in the traditional manner. The cultivation system based on fertiliza- 
tion and use of crop residue combines a modest increase in total water use by 
57 mm to 268 mm with a substantial higher production level. This indicates 
that on average, soil water is not the primary limiting factor, but low soil 
fertility, a conclusion earlier eached by Fussell et al. ( 1987 ). 
CONCLUSION 
The simple water balance terms are in good agreement with those calcu- 
lated with the simulation model. This means that for an average year, soil 
water drainage amounts to 207 mm for local treatment, whereas modest doses 
of chemical fertilizer and the use of crop residues increase total water use by 
57 mm to 268 ram. Because of the enormous crop response to improved soil 
fertility management, average yields increased considerably from 1.14 to 3.85 
t ha-  1. The calculated K(0) function allowed an acceptable estimate of drain- 
age to be made and therefore a calculated realistic estimate of E. The E re- 
ported in the literature is often overestimated asthe drainage component is
altogether ignored. However, the rapid internal drainage typical of this deep 
sandy soil could lead to the under-estimation f the actual drainage, when 
between two soil profile water content measurements dates big storms are 
received. More frequent soil water content measurements would help reduce 
this type of error. 
The calculation method of the field hydraulic onductivity allowed spatial 
differences to be accounted for, which decreased the coefficients of variability 
of plot water balance terms calculated in scheme 2. 
In this average year, the total calculated E increased from 211 mm for low- 
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fertility millet cultivation system to 268 mm for millet grown using modestly 
increased fertility management levels. Conversely, a considerable cumulative 
loss of 207 mm water due to drainage or about 37% of the seasonal rainfall 
was reduced to a 148 mm or 26% of the seasonal rainfall while a significantly 
higher millet yield could be realized. 
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